The chloroniumyl cation, HCl + , has been recently identified in space from Herschel's spectra. A joint analysis of extensive vis-UV spectroscopy emission data together with a few high-resolution and high-accuracy millimiter-wave data provided the necessary rest frequencies to support the astronomical identification. Nevertheless, the analysis did not include any infrared (IR) vibration-rotation data. Furthermore, with the end of the Herschel mission, infrared observations from the ground may be one of the few available means to further study this ion in space. In this work, we provide a set of accurate rovibrational transition wavenumbers as well as a new and improved global fit of vis-UV, IR and millimiter-wave spectroscopy laboratory data, that will aid in future studies of this molecule.
INTRODUCTION
The study of interstellar hydrides has received a great push in the recent years, much of it due to observations made from the Herschel Space Observatory. Having relatively large rotational constants, many rotational transitions of hydrides lie in the millimiter-and sub-millimitr wave regions, which are difficult, albeit not impossible, to access from groundbased observatories, even for sites as good as those of ALMA or APEX. Since hydrides are some of the first molecules to form in space from atomic gas and molecular hydrogen, they provide invaluable information about the environment in which they are found (Gerin et al. 2016) . Among some of the recent molecules identified in Herschel's spectra are the chlorine-bearing compounds H 2 Cl + (Lis et al.
2010) and HCl
+ (DeLuca et al. 2012) . The related HCl neutral had already been identified in the interstellar medium by jl.domenech@csic.es Blake et al. (1985) . H 2 Cl + has later been detected in a variety of lines of sight (Neufeld et al. , 2015a , both in absorption and emission, also from Herschel's spectra, and in an extragalactic source in ALMA spectra (Muller et al. 2014) . The only published detection of HCl + that we are aware of is that reported by DeLuca et al. (2012) in the line of sight of the luminous continuum sources W49N and W31C near the galactic center.
The key chemical pathways leading to the formation and destruction of chlorine-containing molecules in the insterstellar medium (ISM) are described in Neufeld & Wolfire (2009) and references therein. Succinctly, since the ionization potential of Cl is 12.8 eV, slightly lower that that of H, chlorine is mostly in ionized form in the diffuse medium, and it is known to react exothermically with H 2 to form HCl + . Further reaction with H 2 forms H 2 Cl + , which can produce neutral HCl or Cl upon electron recombination. Chemical models (Neufeld & Wolfire 2009 ) predict the highest concentrations of HCl + in regions with low extinction A v ≃ 0.8), with molecular H 2 accounting for less than 1 % of the available H.
The identification of HCl + by DeLuca et al. (2012) , relied on the calculated transition frequencies and hyperfine patterns derived from a Dunham-type isotope-independent fit of two sets of laboratory data ): the first one was an extensive set of vis-UV emission measurements (Sheasley 1972) comprising more that 8000 transitions in the A 2 Σ − X 2 Π band of all isotopologues. The precision of those lines was ∼ 0.04 cm −1 , and the spectral resolution was too low to provide any information on the hyperfine structure (hfs). The second set of data ) provided 34 accurate frequencies in the millimiter-wave region, resolving the chlorine hyperfine patterns of three rotational transitions for H 35 Cl + and H 37 Cl + . This allowed Gupta et al. (2012) to perform a joint analysis of both sets of data yielding highly accurate predictions, enough to identify the HCl + transitions in Herschel's spectra. However, the fit did not contain any rotationally resolved data from vibrational transitions in the ground state. Adding that information to the global fit will improve the accuracy of the predictions of the model for other transitions and may facilitate possible observations in the future in the infrared (IR) region of the spectrum. Indeed, IR observations from ground platforms at high spectral resolution are a way to build up in the study of interstellar hydrides, providing an alternative and complementary tool to the millimiter and sub-millimeter observations, especially now that the Herschel mission is over. The instrument GREAT onboard SOFIA covers the frequency region of the lowest-frequency rotational transitions of H 35 Cl + and H 37 Cl + , although telluric lines at 1441.1 and 1444.0 GHz overlap some of the hyperfine components of the transitions and might hinder the observations. Nevertheless, there are current observation programs of HCl + with GREAT toward Sgr B2 (M), W31C (G10.6-0.4), G29.96-0.02, W49N, W51, W3(OH), and NGC6334I (Neufeld 2015b (Neufeld , 2016 .
In this paper we provide a set of accurate wavenumbers for vibration-rotation transitions of the v = 1 ← 0 band of H 35 Cl + and H 37 Cl + in the mid-IR, as well as an extended and improved fit with millimeter-wave, optical and IR data. There is one previous laboratory IR study by diode laser spectroscopy, described in a preliminary note (Davies et al. 1986) , where 20 fine transitions of H 35 Cl + and 13 fine transitions of H 37 Cl + , were measured with an uncertainty of ±0.002 cm −1 . The limited number of observations was most likely due to the patchy coverage of lead salt diode lasers. On account of the much more extensive and accurate set of wavenumbers obtained in this investigation, those results have not been included in the present work.
EXPERIMENTAL DETAILS
The apparatus used in this experiment is basically the same that has been used recently for the investigation of the IR spectra of NH 3 D + and ArH + ions (Doménech et al. 2013; Cueto et al. 2014) . It is based on an IR difference-frequency laser spectrometer, a hollow-cathode discharge reactor, and a double modulation technique with phase-sensitive detection. The only major change with respect to those previous works is the substitution of the LiNbO 3 crystal for a MgO-doped periodically poled LiNbO 3 chip with different poling periods, covering without gaps the 1900-4300 cm −1 region when pumped by the 514 nm line of an Ar + laser, and providing significantly more IR power than our previous setup (∼ 1 mW vs. ∼ 1µW.) The accuracy and repeatability of the frequency scale rely on the active frequency locking of the Ar + laser to an hyperfine transition of 127 I 2 , and a high-accuracy wavemeter, calibrated with the same laser, resulting in a 3σ accuracy of 10 MHz (3.3×10 −4 cm −1 ) in the IR frequency scale. The instrumental resolution is ∼ 3 MHz (10 −4 cm −1 ), so the observed linewidths are limited by the Doppler effect.
In most of the experiments, the cathode was water-cooled, although, in a second step, some lines were recorded again using a flow of liquid nitrogen. A thermocouple resting at the mid-point of the cathode read ∼330 and ∼180 K, respectively, under discharge conditions. The plasma was operated in a flow of HCl diluted in He, passed through a dry-ice/ethanol trap to remove possible water traces. The strongest signals were obtained with a partial pressure of He of 1.2 mbar, and a partial pressure of HCl below the resolution of the available capacitance pressure meter (0.001 mbar). The discharge current was 325 mA, with 400 V rms between electrodes. The rest of operating conditions are similar to those reorted in Cueto et al. (2014) .
Line positions were calculated with the polynomial expressions given by Sheashley & Mathews (1973) , that do not account for any hyperfine splitting, and later they were taken from the prediction available at the JPL database (Pickett et. al 1998; , entry c036005, with frequencies for all hyperfine components. The accuracy was high enough to find the lines within less than 0.02 cm −1 from their expected positions. Between 6 and 200 scans were averaged for each line, depending on its intensity, attaining signal-to-noise ratios between 10 and 500. The investigated region spanned the 2337-2774 cm −1 interval. Atmospheric CO 2 absorption hampered the detection at lower frequencies (higher-J lines in the P -branch), and we kept a similar J ′′ range for the R-branch. No attempt was made to cancel the earth's magnetic field in the experiments (44.6 µT in Madrid), since the calculation of Zeeman energies by Cheng et al. (2007) showed a worst-case splitting (that of the 2 Π 3/2 Q(3/2) lines) of only 3 MHz, much smaller than their Doppler width.
3. SPECTROSCOPIC RESULTS
The spectrum of HCl

+
The energy levels structure of HCl + has been described in previous papers (e.g. Gupta et al. 2012 , and references therein), so we just summarize it here. The ground electronic ′′ . The group of lines marked with an asterisk correspond to 2 Π 3/2 Q(9/2) f . The middle trace is the stick spectrum convolved with a Gaussian function of 0.0055 cm −1 FWHM. (c) The middle trace is the convolution of the stick spectrum with a Gaussian function of 0.0055 cm −1 FWHM. In this case, the e and f components in the Ω = 3/2 ladder are not resolved, unlike those in the Ω = 1/2 ladder. state of HCl + is 2 Π, so there is electron spin and orbital angular momenta interaction, originating two ladders of levels with Ω = |Λ + Σ| ... |Λ − Σ| = 3/2, 1/2. Since the ratio of the constants A/B is -66, it is an inverted doublet (the Ω = 3/2 state lies lower in energy -by ∼ 643 cm −1 ) that can be well described by Hund's coupling case a. Levels in each ladder are split by Λ-doubling into e and f parity doublets that are further split into hyperfine components because of the interaction with the nuclear spins (I35 Cl = I37 Cl = 3/2, I H = 1/2). The selection rules e ↔ e, f ↔ f for ∆J = ±1 and e ↔ f , f ↔ e for ∆J = 0 thus give rise to P , Q and R branches with four lines for each rotational transition. These lines split into multiplets due to the hfs of the levels (F = |J + I| ... |J − I|) arising from the interaction with the Cl nucleus spin. In low-J transitions, the hfs is clearly evident, although not completely resolvable, and its amplitude rapidly diminishes as J increases. Figure 1a shows an example of lines where the hyperfine components cannot be resolved due to their proximity and the Doppler broadening of the lines. In turn, Figure 1b shows the 2 Π 3/2 P (3/2) f line of H 35 Cl + line recorded at ∼ 180 K, where the hfs is almost completely resolved. There are intermediate cases where the hfs manifests as broadening or asymmetries of the lines, an example is shown in Figure 1c . In this case, both e and f components of the 2 Π 3/2 P (3/2) line of H 37 Cl + overlap, and, together with the hfs, yield a complex, unresolved asymmetric profile. The same line in the Ω = 1/2 ladder is split into e and f components, also with an asymmetric profile (the f component is outside the frequency range of the figure). It must be noted that the proton hfs could not be resolved in the THz study by Gupta et al. (2012) . In the present work, we access lines more sensitive to this interaction, but, as could be expected from the larger Doppler widths and the magnitude of the splittings predicted by theory (Bruna & Grein 2006 ), we have not been able to resolve it either, and only the Cl hyperfine interaction has been considered.
From the line width of a Gaussian profile fitted to unresolved transitions with negligible hfs broadening, we have obtained kinetic temperatures of ∼ 400 K for the spectra recorded with water cooling, and ∼ 270 K for those with liquid nitrogen cooling. The ratio of intensities of different J lines under rotational equilibrium is also in agreement with this estimation. The ratio of intensities of lines with the same J in Ω = 1/2, 3/2 leads to a much higher spin temperature, near ∼ 750 K, as can be inferred from the higher intensity of the Ω = 1/2 lines as compared with the calculations assuming Boltzmann equilibrium in Figures 1a and 1c . This is not surprising since there is no reason to expect an equilibrium between rotational, vibrational, or spin temperatures in a plasma. Moreover, Gupta et al. (2012) also observed a high spin temperature, and the emission data from Sheasley (1972) showed vibrational excitation up to v = 9. No hotband lines were recorded, thus we cannot give an estimate of the vibrational temperature of HCl + in the discharge.
The list of assignments and observed IR frequencies, together with those calculated and their residuals after the fit (see the Appendix), is given in Table 1 . 
Band constants
A new combined isotope-independent fit with THz, optical, and IR data was carried out and is described in the Appendix. Using the Dunham equations and the correlated error propagation formulae, the band parameters can be determined directly from the fit (Yu et al. 2012) , and are given in Table 2 . In this format, comparisons to other data analyses in the literature are possible. A few things are remarkable: (1) the value of A D 0 is in much better agreement with Brown et al. (1979) than with any other study, including Gupta et al. (2012) ; (2) the values are generally of slightly lower precision than Gupta et al., opposite to the trend observed in the Dunham fit (see the Appendix.) The former result is presumably due to Brown's careful approximations of higher-order parameters. The latter may be due to truncation error in the prior analysis in which parameter uncertainties are underestimated when higher-order parameters that are not well approximated as zero are not included in the analysis. When these terms are introduced they have uncertainty and this correlates with the prior uncertainties. 35 HCl + ) = 8.7 ± 2.6 × 10 13 cm 2 molec −1 for W49N. The observed absorption peak intensity will depend inversely on the observed linewidth, that, in turn, will depend on the velocity spread of the cloud and the spectrograph resolution. DeLuca et al. (2012) found ∆v ∼ 1.5 − 4.5 km s −1 from the analysis of the hfs of the lines of HCl + , in good agreement with the ∆v = 4.2 ± 1.5 km s −1 derived by Godard et al. (2012) from SH + and CH + in the same and other similar diffuse clouds. For an instrument line width of 3 km s −1 (that of spectrographs with a resolving power of R = 100, 000, as available from e.g. CRIRES+ 1 at the VLT in Paranal or TEXES at Mauna Kea) the combined line width would be ∼ 6 km s −1 , and one can expect peak absorptions of 3.85, 3.60, and 2.64 %, respectively, for the above temperatures and a column density of N = 8 × 10 13 cm 2 molec −1 . Infrared emission from the dust envelope around the proto-stars in those sources can be bright enough in the IR, and, indeed, the absorption of neutral HCl toward CRL2136 at 3 − 4 µm with peak intensities of ∼ 2% has been reported by Goto et al. (2013) , using the CRIRES instrument at the VLT. Therefore, the absorptions estimated above should be clearly detectable against bright IR sources in a reasonable amount of observing time. JLD, JC, VJH and IT acknowledge the financial support from the Spanish MINECO through the Consolider ASTRO-MOL project, grant CSD2009-00038, and from the ERC through the Synergy Grant ERC-2013-SyG NANOCOS-MOS. Additional support through grants FIS2012-38175 (JLD), FIS2013-408087-C2-1P (VJH, IT) and AYA2012-32032 (JC) is also acknowledged. We thank J.R. Goicoechea for his reading and comments on the manuscript. Portions of the research described in this paper were performed at the Jet Propulsion Laboratory, California Institute of Technology, under contract with the National Aeronautics and Space Administration. Government sponsorship acknowledged.
APPENDIX A. COMBINED ISOTOPE-INDEPENDENT FIT
A full isotope-independent analysis including the finestructure and magnetic hfs Hamiltonian was carried out utilizing the SPFIT program (Pickett 1991) . The full Hamiltonian and its mass and magnetic relationships among parameters are described in the Appendix of Gupta et al. (2012) , in Drouin et al. (2001) and in Brown et al. (1979) . Note that in Gupta et al. (2012) the signs should be reversed in the definition of X v parameters involving p and q related terms, and that the two rightmost factors in Equations A4 and A5 should be removed. The new fit increases the number of fitted lines from 8137 to 8324 (8103 lines from the optical data from Sheasley (1972) ; 34 lines from Gupta et al. (2012) and 187 lines from this work). The present data were weighted according to their estimated uncertainty. Lines that showed no significant broadening or asymmetries were fitted to Gaussian profiles to obtain the line center, while for clearly asymmetric lines the centroid frequency was used. Some blends were appropriately intensity weighted and severely blended lines, where e/f components could not be resolved, were not used. The new assignments, observed and calculated frequencies, and their residuals are shown in Table 1 .
The present high-precision data, together with the highprecision THz data of Gupta et al. (2012) , provide anchor points for an improved analysis of the molecular parameters for the 2 Π state, which are shown in Table A1 as determined by Gupta et al. (2012) and presently. The precision of many of the Dunham parameters is improved, espe- cially the higher-order p, q terms that were previously completely dependent on the optical data. Unlike some of the more heavily correlated parameters associated with the spinorbit distortion and electron-spin rotation, the p and q terms from the prior analysis do not deviate much outside the prior uncertainty (all less than 1.1σ). The precision afforded by the new data refines these values by factors of 6.1 and 7.3 for Y + is less consistent with the pure-precession hypothesis, but only by 3%. The basic Dunham parameters and the associated BOB terms are fairly stable upon addition of the higher fidelity vibrational data. This is seen in δ H 10 /2 and δ H 01 , which can be very sen-sitive to changes in the vibrational data set, but here only change by <1.5σ. This indicates that the previous data set achieved a broad enough scope in vibration and mass to accurately determine these subtle effects. However, higher-order terms in the Dunham model remain susceptible to the breadth and scope of the data and statistically significant changes occur in many of these terms. The only other parameters to have changed by more that 3σ of its prior uncertainty are µ −3/2 U 11 /2 and Y 12 /2, which appear to have correlated (and anti-correlated) commensurate changes with δ H 01 , which is not outside of 3σ of the prior uncertainty due to the larger uncertainty in that parameter. Due to correlation, any improvement in the precision of these two parameters is not obvious. New frequency predictions for all isotopologues are available at http://spec.jpl.nasa.gov/ftp/pub/catalog/catdir.htm.
